The meta-instable state (MIS) is the final stage before fault instability during stick-slip movement. Thus, identification of MIS is of great significance for assessing earthquake hazard in fault zones. A rock sample with a precut planar fault was loaded on a horizontally biaxial servo-controlled press machine to create stick-slip conditions. Digital images of the sample surface were taken by a high-speed camera at a rate of 1000 frames per second during the stick-slip motion and processed using a 2D digital image correlation method to obtain the displacement field. We define a synergism coefficient that describes the relative dispersion of the accumulative fault slip. The results reveal that: (1) a local pre-slip area spreads very slowly along the fault before the MIS develops. It extends at a higher but still slow speed during meta-instable state I (MIS-I). During the final ~1.5% of MIS, in meta-instable state II (MIS-II), the local pre-slip area first extends at a speed of ~0.9 m/s, and then expands out of the observed image area at a very high speed. These results indicate that the local pre-slip area transforms from a state of quasi-static extension in MIS-I to quasi-dynamic extension in MIS-II. (2) The synergism coefficient of the fault slip decreases to half of its original value in MIS-I and to a quarter of its original value in MIS-II. This continuous decrease of synergism coefficient indicates that the strengthening of fault slip synergism is a characteristic of MIS. (3) Furthermore, the unstable sliding stage includes three sliding processes: initial-, fast-, and adjusted-sliding. There are two pauses between the three sliding processes. Identifying the meta-instable state (MIS) of faults, studying its mechanism, and investigating the evolution of its relevant physical fields are important for the analysis of potential seismic risks and critical time of earthquake events . In experiments, MIS is defined as the transition from peak stress to accelerated stress release. It is also the final stage before instability occurs in the fault mechanics. The uniform distribution of fault displacements at different locations along the fault before instability in double-direct-shear experiments (Song et al., 2012) and the "synergetic" tendency of the temperature at different locations along the fault during MIS on a bending fault indicate the conversion of independent activities of each fault segment into synergetic activities during MIS. To verify whether this phenomenon occurs on other fault geometries, and to investigate the characteristics of the deformation field during MIS, we designed a planar strike-slip fault model and studied the evolution of the fault displacement field during MIS. A highly accurate 2D digital image correlation method was used to calculate the deformation field. Studies based on fracture mechanism models and friction theory found that fault instability will not occur unless the slip has exceeded the critical radius of the fault patch. The growth of the slip up to the critical radius of the fault patch
Identifying the meta-instable state (MIS) of faults, studying its mechanism, and investigating the evolution of its relevant physical fields are important for the analysis of potential seismic risks and critical time of earthquake events . In experiments, MIS is defined as the transition from peak stress to accelerated stress release. It is also the final stage before instability occurs in the fault mechanics. The uniform distribution of fault displacements at different locations along the fault before instability in double-direct-shear experiments (Song et al., 2012) and the "synergetic" tendency of the temperature at different locations along the fault during MIS on a bending fault indicate the conversion of independent activities of each fault segment into synergetic activities during MIS. To verify whether this phenomenon occurs on other fault geometries, and to investigate the characteristics of the deformation field during MIS, we designed a planar strike-slip fault model and studied the evolution of the fault displacement field during MIS. A highly accurate 2D digital image correlation method was used to calculate the deformation field.
Studies based on fracture mechanism models and friction theory found that fault instability will not occur unless the slip has exceeded the critical radius of the fault patch. The growth of the slip up to the critical radius of the fault patch is called nucleation (Das et al., 1981; Dieterich, 1986 Dieterich, , 1992 and can be described as a rupturing process that converts the fault from a quasi-static state to a quasi-dynamic one (Das et al., 1981; Dieterich, 1986 Dieterich, , 1992 Ohnaka, 1992) . The existence of "coincident" and "cascade" seismic nucleation phases was verified in friction experiments on macroscopically homogeneous and non-homogeneous faults (Ma et al., 2002 (Ma et al., , 2003 . The transformation of the rupture front from a quasi-static state to quasi-dynamic propagation during nucleation was found in experiments on Columbia Resin material (Nielsen et al., 2010) . As a type of precursor, nucleation is usually used to explain phenomena such as foreshocks near the mainshock hypocenter or short-term initial phases before the mainshock (Mori et al., 1996; Dodge et al., 1996; Bouchon et al., 2011; Kato et al., 2012) , even though its mechanism is still unclear.
A study of the effects of fault geometry on the evolution of the fault deformation field and the characteristics of the instability revealed the existence of four types of instability processes: slip weakening stick-slip, velocity weakening stick-slip, rupture, and mixed type (Ma et al., 1996) . Experiments on different fault geometries and loading manners revealed that the eight-petaline pattern of maximum shear stress and the four-quadrant pattern of mean stress, centered at the weakening segment of the fault, could be possible indicators of a seismogenic fault . Experimental studies of the strain field of faults found that the strain field can be divided into several areas which take on different behaviors and interact during deformation and instability (Liu et al., 1995a) . Researchers studying the strain, displacement, and acoustic emission along faults during stick-slip events pointed out that the inhomogeneous spatial distribution of strain energy is an important condition for an unstable slip, and large events often take place in belts of rapid energy change or in regions of relatively low energy with a high energy background, rather than in the highest energy area (Deng et al., 1995) .
Unlike the studies mentioned above, our work focuses on the MIS of the fault; we study the spatiotemporal distribution of the fault slip by using fault displacement measurements based on high-speed camera images and digital image correlation. Compared with the double cantilever girder fault displacement gauge used in previous experiments, the digital image correlation method calculates the fault displacement field with a higher spatial resolution and is a non-contact method. Furthermore, the observation time interval in this measurement method is sufficient to cover the evolution of the MIS, even though the camera cannot record the whole stick-slip period due to its memory limitations.
Experiment design
The sample in our experiment was granodiorite from Fangshan County, Beijing. It had dimensions of 300 mm×300 mm×50 mm, density of 2.7 g/cm 3 , elastic modulus of 60 GPa, Poisson ratio of 0. 34, uniaxial tensile strength of 9.34 MPa, and uniaxial compressive strength of 154 MPa. A planar fault was cut diagonally through the sample ( Figure  1(a) ). The fault surface was ground by a diamond grinding wheel with 150-mesh RVD abrasive. The roughness of the fault surface was ~100 µm before the start of the experiment. The experiment was conducted on a horizontally bilateral servo-controlled press machine (Liu et al., 1995a (Liu et al., , 1995b and the stress and displacement were independently controlled. The controlling frequency was 20 Hz and the sampling frequency was 10 Hz. The loading process can be divided into two stages: (1) at the beginning of the experiment, loading was applied in both the X-and Y-directions of the sample synchronously at the same loading rate of 20 kg/s from 0 to 7.5 ton (5 MPa). (2) Then, while the X-direction load was held at a constant 5 MPa, the Y-direction load was changed to displacement control, generating stick-slips at a rate of 0.5, 1.0, 0.1, 1.0, and 0.5 μm/s.
The high-speed camera (FASTCAM SA2, Photron, Japan) has a speed range of 60-86400 frames per second, a maximum resolution of 2048 pixels × 2048 pixels, and a memory of 32 GB. During the experiment, digital images of the sample surface of size 95.2 mm × 90.1 mm (170 m per pixel) were recorded at a speed of 1000 frames per second (Figure 1(a) ). The maximum recording time at this resolution is 34.925 s. During the experiment, three stick-slip events were recorded, lasting 34.925, 12.458, and 9.557 s, corresponding to events E, F, and G in Figure 2 . Here, we discuss only the characteristics of event E.
Methods

Digital image correlation
Digital image correlation (DIC) is an optical method developed in the 1980s (Yamaguchi, 1981; Ranson et al., 1982) that is normally used to measure the deformation field in experimental mechanics (Bons et al., 1995; Ma et al., 2005 Ma et al., , 2008 Chen et al., 2005; Nguyen et al., 2011; Song et al., 2012) . It is an object recognition method based on pattern matching in computer graphics (Gonzalez et al., 2009 (Gonzalez et al., , 2010 , which identifies matching points between two digital images utilizing a correlation function. For example, f and g are two gray-scale images of the same sample, taken consecutively with the same resolution during an experiment. To search point P * (x * , y * ) in image g, which corresponds to point P(x, y) in image f, a template w, centered at P, is created in image f, and a search area D is created in image g. The size of w should be larger than that of the characteristic pattern of the image, and the scale of D could be estimated by the possible displacement between the two images. A template w * (the same size of w), centered within D, will be the best matching pattern of w when the correlation coefficient between w and w * is maximum and exceeds a given threshold. Thus, point P * (x * , y * ), the center of w * , is the matching point of P after deformation. C, the correlation coefficient between w and w * , can be expressed as:
where N is the number of pixels of w, f(x, y) is the gray value at point (x, y) in w, g(x * , y * ) is the gray value at point (x * , y * ) in w * (Jin et al., 2006) . C is between 0 and 1; the closer C is to 1, the better the correlation between P and P * . We obtain the fault displacement field on the sample surface by using GeoDIC software (designed by Ji Yuntao, Institute of Geology, China Earthquake Administration) which performs accurate calculations of multiple physical components of the deformation field based on the multiple-dimension Newton's method and on DIC.
Calculation of fault displacement
The fault displacement was measured by a digital fault displacement gauge (digital gauge). The digital gauge appears as a line in the sample image and is perpendicularly bisected by the fault (Figure 1(a) ). By calculating the displacement of the two endpoints of each digital gauge, we can obtain displacements parallel and perpendicular to the fault. In this study, 289 digital gauges, 25.5-mm long, were arranged at 0.34-mm intervals in the observed image area (Figure 1(a) ). We calculated the fault displacements (Figure 1(b) ) with the following method. After the slip, the initial endpoints of the digital gauge, denoted by A 0 and B 0 , move to A 1 and B 1 , respectively. Accordingly, vector a 0 from A 0 to B 0 changes into vector a 1 from A 1 to B 1 , and vector a is the difference between a 1 and a 0 . We calculate the fault displacement from a u , the parallel-fault component of a. The positive value of a u indicates dextral slip of the fault, while the negative value indicates sinistral slip of the fault. The displacements of the endpoints of the digital gauges were calculated by GeoDIC.
Experimental results
Two observation systems were used in our experiment: a loading system with a sampling frequency of 10 Hz, and an image acquisition system with a sampling frequency of 1000 Hz. To align the time between the two systems, we set the onset of the maximum rate of stress drop for the former and the highest rate of fault slip for the latter as the zero point of time. By doing so, the error of time alignment between the two systems will not be more than 0.1 s. All the following analyses for a single stick-slip event are in accordance with this method. 
Stress-time process
where F y and F x are the Y-and X-direction forces applied on the sample, respectively; A y and A x are the lateral areas of the sample which bear the Y-and X-direction forces, respectively. The error of the differential stress is ±0.02 MPa according to the fitted line of the differential stress-time curve between 600 and 300 s in Figure 3 . As shown in Figure 3 , the evolution of the differential stress in a typical stick-slip period can be divided into five stages: linear (LM), non-linear (MO), MIS (OB), unstable sliding (BC), and post-instability (after C). MIS can be further divided into two processes: MIS-I (OA) and MIS-II (AB), which correspond to the slow and accelerated release of stress, respectively . The time points were: L (700 s), M (200 s), O (6.676 s), A (1.516 s), B (0.054 s), and C (0.130 s). The timing of B and C was determined by the image acquisition system because of its higher sampling rate.
Fault slip-time process
Synergetics can be characterized as a science of cooperation and self-organization, aimed at describing from a unified point of view the macroscopic behavior of complex open systems that result in spontaneous formation of spatial, temporal, and spatiotemporal structures and/or their special functioning (Haken et al., 1995) . However, here, we use the word "synergism" to describe only the cooperative behavior of fault slips at different locations along the fault, which can be represented by the reduction of the relative dispersion of the fault slips. We use "synergism coefficient", denoted by S, to quantify the relative dispersion of the fault slips. We suppose that times t and t 0 (t > t 0 ) are in a stick-slip period (e. g. event E), and d is the mean value and  is the standard deviation of the accumulative fault displacements of N digital gauges at time t with respect to time t 0 . Then, S can be defined as
According to this definition, S≥0. The smaller the synergism coefficient, the lower the relative dispersion, but the higher the synergism.
The images recorded during event E correspond to the period 31.634 to 3.291 s in Figure 3 . We calculated the accumulative fault displacements of each image with respect to the image at 31.634 s by the methods discussed above. The error range of the fault displacement was about ±5 m. We used two different sampling rates to analyze the images with the DIC method. A sampling frequency of 2 Hz was used to investigate the fault displacement from 30 to 3 s; however, between 0.1 and 0.15 s, a higher sampling frequency of 1000 Hz was applied for a more detailed analysis of the fault displacement.
Results of the 2-Hz recordings
(1) The smoothed curve of d (pink curve in Figure 4 , smoothed by 11 points before 0.05 s) ascends with an increasing gradient from about 5 s up to the point of instability. This indicates slip acceleration during MIS.
(2) The purple and light purple areas in Figures 5 and 8 represent the displacement range of 5 to 5 m, which is within the error range and will not be discussed because of the uncertain slip direction. We define the cyan areas (5-10 m) in Figures 5 and 8 as local pre-slip areas, which represent easily sliding locations on the fault. A local pre-slip area first appears at about 18 s between digital gauges 145 and 181. It extends to the right at about 5 s and to the left at about 1.5 s (near point A).
(3) Figure 6 shows the progression of the synergism coefficient (S) with time. S is calculated with respect to time 31.634 s. As shown in Figure 6 , S = 1.2 ± 0.8 before about 5 s. This value decreases to 0.6 ± 0.2 between about 5 and 1.5 s (near point A), and decreases again to 0.3 ± 0.1 between about 1.5 (near point A) and 0.2 s (near point B) . This continuous decrease of S indicates the strengthening of the fault slip synergism during MIS.
Results of the 1000-Hz recordings
(1) As shown in Figure 7 , we determined B and C at the onset of the obvious acceleration of d and the flat segment of , d respectively. The unstable sliding stage includes three sliding processes: initial-sliding (S1), which lasts ~3 ms at velocities up to ~4.6 mm/s; fast-sliding (S2), which lasts ~2 ms at velocities up to ~21.1 mm/s; and adjusted-sliding, which lasts ~15 ms at velocities up to ~1.5 mm/s. There are pauses that last ~50 ms between S1 and S2, and ~104 ms between S2 and S3.
(2) As shown in Figure 8 , the local pre-sliding area (between the two yellow dashed lines) extends at a speed of Figure 3 . The red rectangles labeled S1-S3 denote three sliding processes. ~0.9 m/s for ~0.1 s (~1.5% of the duration of MIS) before instability develops, and then expands dramatically out of the whole observed image area. This represents the conversion from quasi-dynamic slip to dynamic instability.
Results
Analyzing a typical stick-slip period, we revealed the spatiotemporal evolution of fault slips, and the evolution of the synergism coefficient which indicates the relative dispersion of the fault slips. The preliminary conclusions are:
(1) The local pre-sliding area extends at a very slow speed before MIS, and increases but is still slow in MIS-I. In the final stages of MIS, during MIS-II, the extension speed increases to ~0.9 m/s, lasting ~1.5% of the duration of MIS. This evolution of the local pre-sliding area represents a conversion from quasi-static extension in MIS-I to quasidynamic extension in MIS-II.
(2) The synergism coefficient of the fault slips reduces to half of its original value in MIS-I and to a quarter of its original value in MIS-II. This continuous decrease of the synergism coefficient indicates that the strengthening of fault slip synergism may be a characteristic of MIS, which represents the conversion from independent activities of each fault portion to synergetic processes. This conversion, as well as the analogous experimental results of Ma et al. (2012) and Song et al. (2012) , verify that the synergism process is a common characteristic during instability in the three types of fault geometry.
(3) The unstable sliding stage is a complicated process which includes three sliding stages: initial-, fast-, and adjusted-sliding. Further investigation of this process may help to get a clearer understanding of coseismic process and the mechanism of aftershocks.
Discussion
Synergetic characteristics before instability
The synergism of the fault slip in our experiment was analogous to the uniform fault slips in double-direct-shear faults (Song et al., 2012) and the "synergism" of temperature along a bending fault . Using high-speed camera, DIC, and digital fault displacement gauges, our fault displacement measurements were more detailed and comprehensive than those of Ma et al. (2012) .
Furthermore, there are many experimental and field studies with similar results. These include studies of the fault dissipative structure which represents the critical state of the fault (Bornyakov et al., 2008) , the reduction of the fractal dimension of acoustic emission during instability of rocks (Yin et al., 2009; Li et al., 2009) , and the coherence characteristics of focal mechanism solutions of later-period strong aftershocks (Diao et al., 2004) . These studies and our experimental results reveal the decrease in the degree of disorder before instability, and can help to extract information on conditions precursory to earthquakes. These results also lead to further questions: do these conditions have a common mechanism? Can we get a clear understanding of them based on constitutive relations? Solving these problems will be of great significance for earthquake prediction.
Common results in nucleation process
The laboratory experiments with Columbia Resin (Nielsen et al., 2010) showed the evolution of a rupture front during the instability stage of the fault. The evolution began at an initial quasi-static, stable rupture front and accelerated to subshear and then to intersonic velocities. Furthermore, complex behavior including stop-and-go sequences were revealed in the experiment, which can be interpreted as the formation of self-healing pulse-like ruptures (Lu et al., 2010) .
A study of the earthquake series of the March 11, 2011 Mw 9.0 Tohoku-Oki earthquake (Kato et al., 2012) revealed that two distinct sequences of foreshocks migrated along the trench axis from the epicenter of the largest foreshock (moment magnitude 7.3, occurred on March 9, 2011) toward the epicenter of the mainshock. The first migration sequence started in mid-February at a speed of ~2 km/day near the epicenter of the largest foreshock and later increased its speed to ~5 km/day; the second migration sequence began just after the Mw 7.3 foreshock and propagated at an average speed of ~10 km/day. These reflect the earthquake nucleation with the transitional process from quasistatic to quasidynamic extension.
In our experiments, the extension of the local pre-sliding areas also underwent conversion from quasistatic to quasidynamic. According to the above discussions, the investigation of earthquake nucleation has a common characteristic in different physical fields, such as earthquake sequences, rupture front, and fault displacement.
About the synergism coefficient
Further analysis of our experiment reveals that the strengthening of fault slip synergism in MIS also occurs in two other stick-slip events under a loading rate of 0.5 and 1 m/s (corresponding to F and G in Figure 2 ). This further supports the conclusion that the strengthening of the fault slip synergism is a characteristic of MIS. However, the synergism coefficient is a statistical parameter; it cannot describe the state of evolution based on the constitutive relation of the fault, and it can only give a semi-quantitative description of the fault state with no criterion for the onset of MIS. We plan to address these problems in further research.
